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ABSTRACT Cereal Chem. 76(5):748-755
Electron paramagnetic resonance (EPR) spectroscopy was used to stady speciesq = 2.032-2.035 and 2.05-2.06), riéisig from intra- and
free radical production in hard red wheat flours extrualecbrding to a  intermolecular electron migration and shear-induced scission of disul-
two-level fractional factorial experimental design (11 and 14% proteirfides, sometimes were present. The strongest EPR signals occurred under
content, 160 and 185°C, 16 and 20% moisture, 300 and 500 rpm screwnditions of maximum free radical production and minimum opportu-
speed, and mass flow rate of 225 and 400 g/min). All spectra showadty for radical recombination: high protein flour (14%), high die temper-
dominant broad singletg & 2.0053—-2.0059) from nitrogen-centered radi- ature (180°C), and low moisture (16%). EPR signals correlated with sulf-
cals originating from heat-induced peptide scission and reactions of lipidydryl and disulfide (SH-SS) levels and physical properties of extrudates,
radicals with side-chain amino groups. At 77 K, sulfur-oxyl or peroxylindicating that free radicals are integrally involved in molecular changes
radicals ¢ = 2.008-2.018), thiyl radicalg € 2.025), and disulfide radi- that occur during extrusion.

Extrusion has become an important process for providing food
products with awide variety of textures. Texturization in extruded
food materials has been attributed to a combination of fragmen-
tation and aggregation (Armstrong et a 1979), noncovalent asso-
ciations (Jeunink and Cheftel 1979, Areas 1986 1992), and cova
lent cross-linking (Burgess and Stanley 1976, Hurrell and Carpenter
1977, Hager 1984, Stanley 1989) of proteins and starches. However,
despite extensive research on the physical properties of extruded
materials and molecular changes that occur during extrusion, rela
tively little is understood yet at the molecular level, and extrusion
remains largely an art rather than a science.

Electron paramagnetic resonance (EPR), also known as electron
spin resonance (ESR), can provide direct evidence of the types and
concentrations of radicals present in materials. EPR has been used
for decades to study free radicas and paramagnetic metals in chem-
ical systems and biological tissues (Swartz et d 1972), but its appli-
cation to foods remains largely unexplored. Preliminary studies
using EPR to detect free radicals in extruded cornmea products

revealed singlet signals with g values of 2.0053-2.0060, which are

ergy [SME]) and a comparison of heat, shear, and lipid oxidation
as sources of free radicals. Correlation of extrudate free radicals
with protein changes (protein content, sulfhydryl-disulfide [SH-SS]
content, and structural changes) in extrudates are reported in an ac-
companying paper (Rebello and Schaich 1999).

MATERIALSAND METHODS

Two commercia whest flours were obtained from Bay State Mil-
ling Co. (Minneapolis, MN): Bouncer (14% protein, 0.52% ash, 14%
moisture) and Boss (11.4% protein, 0.41% ash, 14% moisture). Both
flours were mixtures of hard red whest cultivars. Bouncer was com-
posed of spring wheats, and Boss was composed of mixed winter
wheats containing up to 50% Bouncer. These flours were chosen
because they are commonly used in bread flours and we wanted to
compare their behavior in extrusion. Protein levels were selected to
bracket (low and high) the useful functiona range shown by Faubion
and Hoseney (1982a,b) for such flours.

Crude gluten (>60%) was purchased from Sigma Chemical Co.

typical of nitrogen-centered radicals (Fig. 1; Schaich 1990). ThéSt. Louis, MO). Hylon 7 (high amylose cornstarch) and amioca (amy-
signals showed line shapes and intensities that varied with extrlectin cornstarch) were obtained from National Starch and Chemi-
sion conditions and were nearly identical to EPR signals of radicaf Co. (Bridgewater, NJ). High-purity methyl linoleate (ML) was
in dry proteins (Schaich and Karel 1976; Schaich 1980a—c). Hovbtained from Nu-Chek Prep (Elysian, MN).

ever, the specific origin, nature, and relevance of these free radicals
could not be identified from the materials available at that time.

Extrusion Conditions

The existence of a free radical population, particularly one with EXtrusion was conducted with a twin-screw extruder (ZSK 30, Wer-

sufficient stability or concentration to be detected by EPR ghins
or 10°M; Borg 1976), indicates that bond breaskage has occurred
and predicts the likelihood of molecular degradation or cross-link-
ing. The question is, what can EPR signals actualy reveal about prod-
uct chemistry during extrusion? Are EPR signals smply an artifact
reflecting known bond breakage in doughs, or can they provide
evidence that will help us understand the relevance and implica-
tions of freeradicals in molecular changes induced by extrusion?
To gain more information about free radical production during
extrusion and the possible relationship of free radicals to product
qudlity, a systematic study of free radical production in wheat flour
extrudates was undertaken. We report the quantification of free rad-
ical production in wheat flour as a function of extrusion conditions
(temperature, moisture content of feed, and specific mechanica en-
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ner and Pfleiderer, Ramsey, NJ) equipped with two corotating, self-
wiping screws with an outer diameter (D) of 30.7 mm, alength (L)
of 878 mm, and an L:D ratio of 28.6 mm. The screw configuration
(Fig. 2) consisted of forward-conveying ements (L:D = 21.9 mm),
two mixing elements (L:D = 2.7 mm), six kneading blocks (L:D =
3.6 mm), and two reverse screw elements (L:D = 1.1 mm). The
extruder had five barrel zones. The temperature in each zone was
independently controlled by a combination of resistive electric hesters
and cooling water jackets. The extruder die had two circular open-
ings (3.6 mm diameter, 5 mm long). Product temperature and pres-
sure at the die were measured with a flush probe (melt-pressure
temperature probe model TPT 463E, Dynisco, Sharon, MA). Ther-
mocouple probes were J-type (iron-constantin) junctions mounted
flush in the ports at the die plate, which was located after the fifth
zone of the extruder (Karwe and Godavarti 1997).

Wheat flour was fed through the feed port into the feed section
by a precalibrated loss-in-weight feeder (series 7100, K-Tron Corp.,
Pittman, NJ). Water was injected into the feeding section immedi-
ately after the feed port with a calibrated triple-action piston pump
(U.S. Electric Motors, Milford, CT), as described by Godavarti and
Karwe (1997). After equilibration of the extruder, samples of extru-
date from each extrusion run were collected, cooled, packed in
glassjars, flushed with argon, sealed, and frozen until further use.



The investigation was part of a larger cooperative project to EPR M easurement of Free Radicals
study extrusion of puffed cereal products (Kokini et a 1992). Samples of extrudates were removed from the freezer, crushed gen-
Sample designations G37-G51 are internal codes for individual tly to homogeneity in a mortar and pestle, transferred to tared 10-mm
runs in one experiment of the project. Wheat flours were extrudedd. quartz EPR tubes, and packed by tapping the bottom of the
according to a five-variable, two-level fractional factorial experi-tube. Samples were packed to a height of =7 cm, which was suffici-
mental design (Box et al 1978). The five independent extrusioant to completdly fill the EPR cavity. Samples were weighed, and packed
variables were die temperature, screw speed, percent moisture, gesghts were measured to calculate the packed density (g/cm) of
cent protein content of wheat flour, and mass flow rate. Variableach sample. Tubes were capped and frozen in liquid nitrogen.
levels were determined by preliminary experiments to be the prac- EPR analyses of extrudates were conducted at liquid-nitrogen
tical limits of extrusion conditions for puffed products from wheat(77 K) temperature to eliminate nonresonant effects of water on
flour with the equipment used. Flours could not be extruded at moisree radica signals (Bolton et al 1972) and to detect thiyl and di-
ture levels <16%, and textures began to collapse at moisture leveldfide radicals that often cannot be detected at room temperature.
>20%. At temperatures lower than 160°C, starch was incompletelyarge diameter tubes were used to increase sensitivity and because
gelatinized, and at temperatures higher than 185°C, extrudates burndie low density and electrostatic surfaces of extrudates prevented
The dependent response variable SME provided a measure pzcking in conventional 4-mm tubes. At least four replicate samples
mechanical stresses experienced by materials during passage throwghe analyzed for each extrusion run.
the extruder. SME is the amount of mechanical energy (work) dis- EPR analyses were conducted on a Varian E-12 EPR spectrom-
sipated as heat in the extruded material per unit mass of materay interfaced to and controlled by a MassComp 5500 minicom-
(Godavarti and Karwe 1997). SME is measured as the work inpptter and equipped with an X-band (9.5 GHz) microwave bridge,
from the drive motor into the material extruded and is stronglyl00 kHz modulation, and variable rate signa averaging. Microwave
dependent on process conditions, such as screw speed, barrel téreguencies were measured by a Hewlett Packard 505C frequency
perature, moisture content, and feed composition, that affect viscomaunter; magnetic field scans were routinely calibrated with a sol-
ity and flow field in screw channels. ution of Fremy’s salt (peroxylamine disulfonate). The measurement
SME was derived from the mass flow rate and screw speed: temperature necessary for detection of sulfur radicals (77 K) was
maintained with a Hewlett Packard variable temperature controller

SME (kJkg) = (mechanical energy input/kg material L .
(kkg) = ( N ) and liquid nitrogen/gas transfer assembly connected to a dewar in

= (torque x angular screw speed/mass flow rate)
where angular screw speed is 2r{rpm). The ZSK-30 extruder was

equipped with a torque indicator that reported percent torque relative
to direct current drawn by the drive motor; 100% torque corres-

ponded to a maximum allowable torque of 172 Nm. The torque in- —t .
dicator and al other sensors (e.g., flow rate, temperature, pressure) Ty HOPPER
were connected electronically to a data acquisition system (Keithley 4 5
Metrabyte, Taunton, MA) that directly calculated SME from measured = L
torque readings, as described by Godavarti and Karwe (1997): SK [ ™ WATER
SME (kJ/kg) = [(total torque — friction torque) x N x 9.1]/(172 x 500 [ '
where N is screw speed (revolutions/min); 9.1 is rated power (KW) '_’, =
of the drive motor at a rated screw speed of 500 rev/min; 172 is IGEL R P4
maximum allowable torque, and n is total mass flow rate (kg/sec) — :
through the extruder barrel. [t
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Fig. 1. Electron paramagnetic resonance (EPR) signals from extruded corn-

meal show a central singlet with g = 2.0053-2.0060 (typical of nitrogen- DIE

centered radicals delocalized on proteins). EPR signals from extruded corn-

meal are identical to those from dry lysozyme exposed to oxidizingrig. 2. Screw configuration for extrusion of wheat flour in a Werner and
methyl linoleate, showing a common property of electron delocalizatiofPfleiderer ZSK30 twin-screw extruder. SK are high-pitch conveying ele-
on the peptide backbone. Adtugh not marked, lysozyme has comparablements; IGEL are porcupine mixing elements; KB are kneading blogks; P
g values. are pressure and temperature measurement points.
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a wide-stack Endor cavity. Spectra were generated by repeatedly
collecting and signal averaging 30-sec scans over at least 10 min
and were presented as first derivatives of absorption at resonance
(Bolton 1972, Bolton et a 1972). A diphenylpicrylhydrazyl (DPPH)
crystal mounted in the cavity provided an internal field marker for
normalizing successive scans. Data were collected, stored, and an-
alyzed by computer.

Free radicals contributing to the spectra were identified by their g
values, the proportionality constant characteristic and specific for
each type of radica. The g value relates the microwave frequency and
the resonant magnetic field of aradical and is calculated according to
hv = gBH, where h is Plank’s constant (6.625 x #0erg sec), v is
the microwave frequency of the cavity (Hz, measured by frequency
counter), and B is the Bohr magneton (9.274 x 167! erg gauss™)
(Bolton 1972). H, the magnetic field at resonance, was determined
from the field offset of the spectrum cross-over of the sample signa
(determined from the second derivative) relative to the cross-over
of either a solution or crystal of the stable radical DPPH (g =
2.0037 + 0.0002).

Signal intensities were calculated by double integration of ex-
perimental first-derivative spectra between the points at which each
spectrum returned to baseline after corrections for baseline drift,
and they were normdized to congtant instrumental settings and
packing density (g material/cm packed height) (Randolph 1972).

Spectrometer settings used for quantitative analyses were 5G
modulation amplitude, 10mW power, 10* gain, 0.03 time constant,
200G field scan. Settings were below the level of modulation broad-
ening and power saturation that distort signals. Gain was adjusted
when necessary to keep the signal on scale, and final results were
normalized to 10,000 gain.

To determine the effects of heat in the absence of shear stress,
flour (14% moisture) was spread evenly over the bottom of a petri

normalized to constant packing density and expressed as arbitrary
free radical units per gram of material.

Radical production by oxidizing lipids was tested by mixing methyl
linoleate (ML) with flour, gluten, or starch at 1:5 and 1:10 (by weight)
ratios and incubating at room temperature in a desiccator over
CasQ. Samples were withdrawn periodically, packed in 4-mm i.d.
EPR tubes, and EPR spectra were recorded at room and liquid-
nitrogen temperatures. Use of standard 4-mm tubes was necessary
in the heating and oxidation experiments and with unextruded con-
trols because the dense flour in larger diameter tubes shifted the
microwave frequency in the sample cavity excessively.

Statistics

Correlations between EPR signal intensity and extrusion condi-
tions, chemical changes, and physical properties were calculated
by statistics programs in Excel software (Microsoft Corp.).

RESULTSAND DISCUSSION

Free Radical Production by Extrusion

No unextruded flour samples showed distinguishable, quantifi-
able EPR signals at room temperature; at 77 K, metal signals with
free radical components too weak for quantitation were detected
(data not shown). Therefore, free radical signals detected in ex-
trudates resulted entirely from the extrusion process.

G37 2.055 11-16-185-554
G49 11-20-185-236

14-16-160-533

dish and heated in a laboratory oven at 180°C. Samples were with
drawn at various intervals, packed in 4-mm i.d. EPR tubes, and
EPR spectra were recorded at room and liquid-nitrogen temperature
as described above. As with extrudates, signal intensities were

14-16-160-518
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Fig. 3. A, Typica room-temperature electron paramagnetic resonance (EPR)
20 gauss

signal from extruded wheat flours. All samples showed a central broad
singlet, with g = 2.0053-2.0059, from nitrogen-centered radicals delocal-
ized on proteinsB, Liquid-nitrogen (77 K) EPR signal showing various
spectral components observed in extruded wheat flours. All samples showed
central singlet from nitrogen radicalg,(= 2.0055). Some samples had

shoulders ag = 2.01 and 2.02 attributable to peroxyl and sulfoxyl radi- Fig. 4. Representative electron paramagnetic resonance (EPR) signals at 77 K

cals, respectively, as well as additional peaks 2.025, 2.032, and 2.05—

from extruded Boss (11.4% protein) and Bouncer (14% protein) hard red

2.06) to the left of the central singlet that arise from various sulfur radwheat flours. Notations to the right of each spectrum indicate extrusion
icals. The intensity of the central peak and appearance of sulfur and peroxgnditions: protein content-moisture-temperature-SME (%-%-°C-kJ/kg). G37—

peaks varied with extrusion conditions.
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G51 refer to extrusion run number (listed in Table 1).



EPR spectra from wheat flour extrudates revealed multiple radical 1989). Signals with central lines @t 2.024-2.038 have been as-
species and were very similar to EPR signals from dry proteins re- cribed to RSe-SR, (RS-SR)ynd (RS-SR)*~ species formed by re-
acted with oxidizing lipids (Schaich and Karel 1976, Schaich 1980c), combination of two RS radicals (Symons 1974, Nelson et al 1977) or
exposed to ionizing radiation and photolysis (Schaich 1980a,b), or oxidation or reduction of disulfide compounds (Box et al 1970)
damaged by mechanical force (Redman et a 1966, Wasik and Bushuk and vary with the orientation as well as the nature of the radicals.
1973, Chandra and Symons 1987). It also has been proposed tlgat 2.025 and 2.032 lines are ac-

At room temperature, dry extrudates produced only relatively broad tually splittings of a single line from a protonated disulfide species,
single-line spectra with g values of 2.0053—2.0059 (Fig. 3A), indi- RSe-SHR (Chandra and Symons 1987). Considering the line shapes
cating nitrogen-centered radicals (Bolton et al 1972). and variability in extrudate spectra, as well as the forces present

When extrudates were analyzed at 77 K, peaks arising from sevedalring extrusion, it is reasonable to propose that more than one of
types of radicals appeared (Figs. 3B and 4). Under all conditionthese species are present in extrudates simultaneously and that
the dominant feature of the spectra was the strong central line fratimere are some interconversions between species with time.
nitrogen radicalsg = 2.0049-2.0059, >Ne and >NOe- radicals). The total signal intensity and proportion of sulfur radicals varied
Shoulders wittg [02.008-2.01 to the left of the central peak typi- with extrusion conditions (Fig. 4; Table I). The highest total free
cally arise from peroxyl radicals (Bersohn and Thomas 1964), e.gadical concentration and sulfur radical production occurred at high
on proteins or perhaps carbohydrates in the extrudatesld8rs extrusion temperature (185°C) and low moisture content (16%) in
with g [12.018-2.022 are consistent with sulfur oxyl radicals (RSOhigh protein (14%) flour (Table I). The lowest stable free radical con-
or RSOOQe) (Gilbert et al 1975, Sevilla et al 1987). centrations were found in samples extruded at a lower temperature

Three sets of peaks indicative of sulfur radicals were observe@60°C) and higher moisture content (20%).

g 02.025,0 2.032, and = 2.05-2.06. When present, the peaks The two flours showed distinct differences in free radical corre-
were variable in both proportion and intensity, reflecting multiplelations with extrusion parameters. With the higher protein flour
sulfur radical species in different conformations and environment8ouncer, moisture and temperature had strong effects on free rad-
Peaks afg 0 2.025 are common to nearly all species of sulfurical production = —0.67 and 0.55, respectively), but shear (SME)
radicals observed in dry sulfhydryl proteins, amino acids, and smdilad little influence@ = 0.11). In contrast, SME had a moderate ef-
thiol compounds exposed to ionizing radiation (Henriksen and Pitect on radical productionp(= 0.46) in the lower protein flour
1961, Henriksen et al 1976) or reacted with oxidizing lipids (SchaicBoss, whereas moisture and temperature had weak or no correla-
and Karel 1976, Schaich 1980c). This is the dominant central line ¢ibns ( = —0.26 and 0.01, respectively).

spectra generally attributed to thiyl radicals formed by hydrogen These results with wheat flour support previous observations

abstraction from cysteine: (Maurice and Stanley 1978) that protein concentration and extru-
RSH —> RS sion temperature were the key factors in texturization of extruded
soy flour and that texturization effects of extrusion parameters
or scission of disulfide bonds (Kurita and Gordy 1961): were marked in high protein flours while textures in low protein
RS-SR—> RSe + SR flours were relatively independent of extrusion conditions. How-

ever, further research is needed to clarify the differential effects of
although there has been some disagreement about the assignment protein type and composition versus protein concentration on
(Symons 1974). Combinations of peaks with g = 2.025, 2.032, and extrusion.
2.05-2.06 arise from disulfide radicals. Signals wgth 2.024 and
2.05-2.07 have been attributed to RSSe radicals in irradiateéree Radical Production by Heat
proteins (Hadley and Gordy 1974). RSSe may form during extru- EPR signal characteristics and correlations of signal intensity with
sion by scission of the C-S bond, which is almost as weak as tlextrusion temperature suggested that heat may be the dominant
S-S bond (259 vs. 226 kJ/mol, respectively; Masterton and Hurleydical-producing force during extrusion. To test this possibility,

TABLEI.
Experimental Extrusion Design and Relationship Between Extrusion Conditions and Electron Paramagnetic Resonance (EPR) Signal Intensity

Protein  Moisture DieTemp. Screw Speed MassFlow SME?2  EPR Signal Intensity

Sample (%) (%) (°C) (rpm) (g9/min) (kJ/kg) (arbitrary units) Se b SO (S-S)ybe
Bouncer
G4sd 14 20 185 500 400 356 1,410+ 85
G46 14 20 185 300 225 302 5,554 + 1,592 ++ + ++
G51 14 20 160 500 225 512 1,793 + 122
G50 14 20 160 300 400 356 1,318 + 113 + +)
G44 14 16 185 500 225 656 6,823+ 174 ++ ++ G
G43 14 16 185 300 400 356 8,973 £ 1,956 ++ ++
G40 14 16 160 500 400 518 4,771 £ 290 + + +
G39 14 16 160 300 225 533 3,460 + 279 + *) *)
p (EPR)® 0.25 -0.67 0.55 0.11
Boss
G4X 11.4 20 185 500 400 491 4,9@1503 ++ ++
G49 114 20 185 300 400 236 1,540108
G47 11.4 20 160 500 400 410 1,7889
G38 11.4 16 185 500 225 1,016 4,49214 + + +)
G37 11.4 16 185 300 400 554 1,58@05 (+) +
G48 11.4 16 160 500 225 416 3,18851 + +
G41 11.4 16 160 300 225 432 4,65514 ++ + ++
p (EPR) 0.25 -0.26 0.01 0.46

a Specific mechanical energy.

b Relative intensity. Visual estimation of presence of designated sulfur radical species in EPR signal. ++ = strong; + sanddeiatepresent, but weak .
¢ Multiple species of disulfide radicals present.

d G37-G51 are extrusion run numbers. Data are presented in a sequence that facilitates comparisons, not in the orderénimitth @xpe run.
¢ Correlation of individual extrusion variables with EPR signal intensity.
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free radical production was monitored in Bouncer flours, gluten, intensity. Nevertheless, heat alone cannot account for the broad-
and starches heated at 180°C. Materials were heated dry to isolateless of lines or for the sulfur radical components of EPR signals
effects of heat and to eliminate influences of water on radical rdrom extruded wheat flours.
combination and stability.
EPR signals from heated flour were nitrogen-centered singlets ( Free Radical Production by Oxidizing Lipids
2.0060; Fig. 5A) and increased with heating time (Fig. 5B). Spec- In addition to the physical forces of heat and shear, a potential
tral envelopes in heated flour were narrower than in flour extrudechemical source of free radical production during flour extrusion
or reacted with oxidizing lipids (discussed below), indicating a morés lipid oxidation. Although the lipid content of wheat flour is very
homogeneous population of radicals with high localization of freéow, the component fatty acids are predominately unsaturated (Chung
electrons within the solid flour matrix. 1991) and susceptible to oxidation when exposed to heat, oxygen,
There was no evidence of sulfur radicals in either room- or lowand metals during extrusion. Lipid alkoxyl and peroxyl radicals can
temperature EPR spectra of flour heated dry. Typical sulfur spetransfer radicals to amino acid side chains with nitrogen and sulfur
tra still were not detected when up to 20% moisture was addddnctional groups (Schaich and Karel 1976, Schaich 1980c).
during heating. It is possible that sulfur radicals formed but were Typical EPR signals produced in flour and flour components by
unstable during heating. However, the free radical data were coreaction with oxidizing ML (ML = 5:1 in flour) are shown in Fig. 6.
sistent with chemical analyses showing no changes in thiol or dBpectral envelopes were much broader than those from heated flours,
sulfide contents in heated gluten until moisture content exceedéypical of overlapping spectra from multiple nitrogen radical sources
20% (Hansen et al 1975, Weegels et al 1994). in different environments (Borg 1976). There was no clear evi-
Flour is a mixture of starch and protein components, so glutetence of sulfur radicals, even in low-temperature spectra.
and starch were heated separately to evaluate their potential contriPrevious studies have shown that oxidizing lipids only transfer
butions to flour spectra. All gluten and starch samples heated fiee radicals to surface sulfhydryl groups on proteins and cannot
180°C produced singlet EPR signals vgth 2.0057 (Fig. 5A) from  react with disulfides unless proteins are denatured to expose these
nitrogen-centered radicals, as was observed in spectra from exttnsnds (Schaich and Kar#d76). Inaccessibility of thiol and disulfide
dates. EPR signal levels for isolated gluten were much stronggroups to lipid radical species inmodified wheat flour may
than those for flour (Fig. 5B). In contrast, EPR signals in starch wermxplain the absence of sulfur radical signals in these model systems.
very weak (Fig. 5B). The trace levels of nitrogen-centered radicaldowever, proteins become denatured during extrusion, exposing
detected in starch probably originated from protein or othereactive groups, so some sulfur radical production by reaction with
nitrogenous contamination of starch. Likely sources of contaminasxidizing lipids could occur during extrusion.
tion include surface and integral proteins associated with the starchWhen oxidizing ML was incubated with commercial cornstarch,
granule, which are exceedingly difficult to remove completely fromamioca, and Hylon 7 starches for comparison, only very weak signals
starch preparations. Wheat starch, for example, typically containgere detected, with values of 2.0056. As in the heating experiment,
0.4-0.6% protein (Sulaiman and Morrison 1990). these signals probably arose from protein or other nitrogenous con-
Carbon-centered radicals from statmnd scission would have taminants in the starch preparation.
shown up as separate lines or peakg at2.002-2.003, but no
such peaks were distinguishable in any starch spectra. Whether fi®eigins of EPR Free Radical Signalsfrom Extrudates
radicals from starch are not observed because starch molecules do ndh considering the implications of these results, it is important
undergo heat-induced scission or, more likely, because starch radicaisnote that EPR does not provide a virtual record of free radical
decay or react too rapidly for detection is being investigated. production. Rather, EPR spectra reflect only free radicals that re-
These results show that the EPR signals in wheat flour extrumain stable over the time of detection. Radicals present in very
dates arise from component proteins and further suggest that hé&mat concentrations, with very short life times (msec), or with very
may be the major source of free radicals from the peptide backroad lines in their spectra may not be detected in static measure-
bone and the major contributor to central nitrogen radical signahents, such as those used in our study. Because static EPR mea-

A B

Bouncer

Hylon 7 starch

20 Bouncer flour
10 Hylon 7 starch
/] —¢

EPR Signal Intensity (thousands)

0e . ‘ , 1
0 10 20 27 30 45 50

Heating Time (minutes)
Fig. 5. A, Electron paramagnetic resonance (EPR) signal of dry Bouncer flour and Hylon 7 starch (amylose) heated at 180°C for 30 min. Starch signal
(g = 2.0063) is enlarged to reveal line shdpd-ree radical production as a function of heating time for Hylon 7 starch, Bouncer flour, and isolated gluten.
Gluten produced an EPR signal that included background metals before heating; the free radical component of the sighalithdreaseg time.
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surements cannot directly reflect the radical history of a sample,
free radicals that are produced and recombine, react, or otherwise
convert to nonradical species are not detected and, consequently,
must be deduced from product analyses. Also, EPR spectra of
solids are not as definitive as solution spectra because they are
composite spectra of radicals fixed in multiple orientations. Never-
theless, the technique is very powerful and can provide significant
information about free radical production and stabilization.

In the present study, multiple radical species were apparent in
EPR spectra from whesat flour extrudates, including nitrogen-centered
radicals, a variety of sulfur radical species, and perhaps peroxyl
radicals. Results of model system studies provide plausible expla-
nations for the origins of various spectral components.

The g values of the EPR signals, comparisons with EPR spectra
already published, and spectra generated in model systems indicate
that signals in wheat flour extrudates arise from proteins in the
flour and that multiple forces contribute to production of radicals
during extrusion. The quantitation of EPR signals in heated mater-
ids and strong correlation between EPR signds and die temperature
suggest that the nitrogen-centered radicals that dominated the spectra
were produced mainly by heat-induced scission of peptide chains:

0 0
—NH—(IIH-E-NH- + -CIH-&:I—NH-(IZH—
R R R

_
\ 0

11 1]
—NH—(IIH-C° + 'NH—(IEH—C—NH—(II—

R R R

1] Il
-N H-PH-C-NH—P H—C—NH—(I)-
R R R

The results of the present study support a relationship between
shear force, disulfide scission, and free radical production. Sulfur
radicals were strongest in samples extruded at the highest shear
force and absent or weak at low shear. Statistically, there were
very strong correlations between total EPR signal strength and SH
and SS contents of extrudates (Rebello and Schaich 1999). Decrease
in disulfide and increase in sulfhydryl contents were associated with
high free radical content. Conversely, increased disulfides (from sul-
fur radical recombinations) occurred in extrudates with lower free
radical contents (Rebello and Schaich 1999).

However, the relationship was not straightforward. Bouncer extru-
dates had the strongest sulfur resonance in EPR signals, but SME
did not significantly affect EPR signal strength or thiol-disulfide
changes. In Boss extrudates, although there were weak or no sul-
fur radical peaks in the EPR signals, the correlation between shear
stress and free radical content was reasonably stpon@@6), and
the effect of SME on thiol-disulfide contents was significant (Rebello
and Schaich 1999).

Several factors may explain the anomaly. One factor may be the
inherent reactivity of sulfur compounds and radicals: sulfur radi-
cals are formed but rapidly decay, oxidize, or recombine into non-
radical products during extrusion. Also, although Boss is lower in
protein content, its disulfide content is slightly higher, so the
gliadins or glutenins in Boss may be more susceptible to shear stress.
Another factor confounding the correlation between shear stress and
sulfur radical generation is that shear force in extrusion is a de-
pendent variable. Shear force results from material friction and is
controlled by the interactions of several primary variables, including
moisture content, die temperature, and mass flow rate. Lack of
direct correlation also may be attributed to the contradictory effects

Direct demonstration of peptide free radicals induced by extru-
sion and heat in our study provides a mechanistic explanation for
changes observed in other studies of extruded and heated proteins.
Cumming et a (1973) reported that heat during extrusion led to
breakdown of protein and loss of water solubility. Hansen et &
(1975) found that heating proteins at temperatures higher than
150°C induced peptide and disulfide bond scission, release of low
molecular weight peptides, and destruction of lysine and arginine.
Destruction of cystine-cysteine occurred only when moisture con-
tent was >20%. Hager (1984) proposed that temperature was the
major factor leading to protein insolubilization during thermal proces-
sing of protein solutions. The critical relationship between heat
and moisture in the generation and fate of free radicals in proteins
is clear in all these studies, and the results are consistent with &
mechanism involving heat-induced formation of radicals by pep-
tide scission, followed by radical recombination to generate intermo-
lecular cross-links.

In addition to the central singlet from nitrogen radicals, specific
downfield peaks (left of the central line) typical of sulfur radicals
appeared in EPR spectra of some extruded samples. Because EF
signals of sulfur radicals were not detected in flour heated or re-
acted with oxidizing lipids, these processes may not be major source:
of sulfur radicals, which leaves shear stress or radical transfer re-
actions as the most reasonable alternatives for production of sulfut
radicals during extrusion. Disulfide bonds have the lowest bond
energy in protein chains: S-S (226), C-C (347), C-N (293), C-S (259),
and S-H (339), all in kd/mol, at 25°C (Masterton and Hurley 1989). As
a result, they provide a weak link that can be severed by shear force.

There is a precedent for proposing scission of disulfide bonds
by shear force. Axford et al (1962), Dronzek and Bushuk (1968), and
MacRitchie (1975) suggested that high-speed mixing of doughs would
break disulfide bonds and form thiyl radicals. EPR detection of sul-
fur radicals after mechanical disruption afkeratin (a disulfide
protein) verified that shear stress was the probable mechanism (Ch
dra and Symons 1987). Also, sonication to increase solubilization
wheat flour proteins selectively depolymerized disulfide bonds in hig

amioca:MLox

amioca:MLox, 5:1

Hylon 7:MLox
1236
s VA i ™
amioca:MLox
2 weeks

Bouncer:MLox

Boss:MLox ,
overnight

2188

Bouncer:MLox

2 weeks

Fig. 6. Room-temperature electron paramagnetic resonance (EPR) signals
induced in flour and starch by incubation with oxidizing methyl linoleate
r varying time periods. Numbers to the right indicate signal intensity in
bitrary units per gram of material, normalized to constant sample pack-

. For starch, overnight flour, and two-week flour samples, g = 2.0052,

molecular weight glutenins, with no apparent effect on other proteif ooss, and 2.0059, respectively. Signals are not scaled proportionaly in

classes (Singh et al 1990).
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of shear: shear breaks disulfide bonds, but low and high shear
rates also increase the possibility of contact between free radicals
on adjacent protein molecules. At low shear, the bond is broken,
but the two radicals do not move far enough apart to prevent
reformation. At high shear, the free radica ends of multiple bro-
ken bonds are moved rapidly past each other, increasing the op-
portunity for intermolecular encounter and recombination. At mod-
erate shear, the radicals ends may move so far apart that they
cannot reconnect, but they are limited enough in movement that
they do not encounter other molecules.

Finaly, shear may not be the only source of sulfur radicals dur-
ing extrusion. The high electronegativity of sulfur makes it a strong
electron sink. Thus, sulfur-centered radicals in extrudates may be
generated by transfer of free electrons from peptide or lipid oxyl
radicds to thiols and disulfides, generating RS* and RSe-SR or
(RS-SRY, respectively (Symons 1974). Alternatively, oxidizing rad-

icals, such as HOe, ROe, or ROQOe, may pull electrons from di-

sulfide bonds, yielding (RS-SR)Bonifacic and Asmus 1976). In
the present study, sulfur radica signals were strongest under extru-
sion conditions of high nitrogen radical production (high heat) and
low radical recombination (low moisture), but only low to moderate
shear. These extrusion conditions also favor lipid oxidation, which
is another source of radicals that react with cysteine, cystine, and
sulfur proteins (Schaich and Karel 1976).

When taken together, the data suggest that shear stress contri-
butes to scission of disulfide bonds during extrusion and that the
resulting radicals may be involved in cross-linking reactions dur-
ing extrusion. However, shear stress may not be the major source
of stable and EPR-detectable sulfur radicals in extruded materials.

The broad line shapes of the EPR spectra make it clear that the
radicals present are not highly localized in an ordered environ-
ment and that heat-induced peptide radicals are not the only rad-
icals present in extrudates. Oxidation of some peptide radicals to
protein peroxyl radicals is certainly a possibility that must be in-
vestigated. However, it aso islikely that alkoxyl and peroxyl radi-
cal intermediates of oxidizing lipids generate nitrogen free radicals
via hydrogen abstraction from amino acid side chains. Whest flour
reacted with up to 10% (weight basis) ML developed free radical
signals with line shapes that very closely matched EPR signals from
extrudates. This type of signal broadening occurs because lipid-
induced side-chain radicals on lysine, histidine, arginine, and
tryptophan of proteins all are nitrogen-centered but differ slightly
in g values and hyperfine structure (Schaich and Karel 1976). The
individual spectra of the various component radicals overlap to
broaden and add shoulders to the main nitrogen radical signal of
extrudates. The extrudates did not contain added lipid, but wheat

flour has =1-2% lipid content, of which the major fatty acid com-

esting artifacts of the extrusion process. Correlations of free radi-
cal production with chemical changes in wheat flour proteins and

physical properties of extrudates (Rebello and Schaich 1999) indi-
cate that free radicals are integrally involved in protein changes
during extrusion. The fact that the addition of free radical scaven-

gers during extrusion of wheat flour prevents protein cross-linking

and markedly alters extrudate structures (Koh et al 1996) further sub-
stantiates the critical function of free radicals in extrusion.

Stanley (1989) stated that “A knowledge of the way in which pro-
teins are rebonded is necessary for understanding the mechanism
of texturization” in extrusion. The recognition of a key role for free
radicals in extrusion chemistry opens many new avenues for research
that should contribute significantly to understanding general processes
of texturization and structure formation at the molecular level in foods.
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